Introduction
The quest for next-generation materials for the development of highly efficient and environmentally friendly optoelectronic devices is the most demanding challenge for material scientists. [1] [2] [3] Lightemitting diodes (LEDs) and organic light-emitting diodes (OLEDs) are two main electroluminescent devices being developed in solid-state lighting (SSL). The latter represents an important branch in modern optoelectronic industry based on semiconductor emitters relying on both organic and inorganic materials that have enabled the realization of bright and energy-saving light sources. 4 In particular, organic electroluminescence (EL) is the electrically driven emission of light from organic and/or inorganic materials. Generally, OLEDs consist of one organic compound as an emitter layer of OLED technologies based on such emitters. Therefore, less expensive metals, such as ruthenium, are of great interest for the development of OLEDs. 28 Novel ruthenium compounds could be interesting materials for OLEDs, 28, 29 due to emission colors tuning, especially in the green and red regions of the electromagnetic spectrum, which can be controlled with the introduction of different ligands into the ruthenium complexes. 27 Similarly to other electroluminescent device, 30 ionic Ru(II) polypyridyl complexes have been exploited in LECs due to tunable emission wavelengths guaranteed by the tuning of their HOMO-LUMO energy levels. [31] [32] [33] Moreover, by means of functionalization (i.e., attachment of functional groups to the periphery of the complexes) it is possible to further expands the aromaticity of the Ru polypyridyl complexes 34 (see Table S1 in the supplementary information-S.I.-). Tetrazoles have been used as precursors of different N-donor ligands, 35 finding applications in (opto)electronic and information recording devices. 36 
Figure 1 Schemes of a typical OLED (left) and LEC (right).
Thus, the incorporation of these ligands in one hybrid-emitting structure may provide another pathway towards the optimization of tunable color emission in electroluminescence devices.
However, several issues have to be solved to optimize LEC performances. In particular, the presence of counter ion in iTMC plays a key role in promoting the charge injection from the cathode, as well as the electron and hole transport through the Ru tetrazole LEC device. Furthermore, the charge transport at the anode is strongly influenced by the physical properties of the counter-ion of ionic transition metal complexes. 8, 14 For example, small size anions (e.g., BF 4 -) can enhance the charge carriers transport for a fast recombination with the opposite carrier, creating an excited Ru complexes. 8 Contrary, large size anions (e.g.,PF 6 ) produce a slow charge separation. 14 Therefore, the search for the "ideal" counter ion that guarantee a balanced injection of negative and positive charges across the LEC and the recombination in the light-emitting layers is still a fervent research area.
Here, we present the optoelectronic performances of six Ru polypyridyl emitters, as single active components in OLEDs, containing the 2-(5-(pyridin-2-yl)-2H-tetrazole-2-yl) acetic acid(PTA) as a fundamental ligand, with 2, 2-bipyridine (bpy), 1, 10-phenanthroline (phen) and 2-pyridine (1H-tetrazole-5-yl) (pyTz) as ancillary ligands. We show how cationic Ru tetrazole complexes containing BF 4 -ion show better optoelectronic performances, with respect to neutral ruthenium tetrazole complexes.
In fact, we demonstrate a reduction of turn-on voltage from 7 to 5 V, at high luminous efficiency (1.49 cd/A) and applied voltage of 12 V, together with a twofold improvement of the luminance, with respect to that of the Ru tetrazole derivatives.
Overall, with the present work we show the importance of (i) the substitution on the Tz moiety in the pyTz ligand, (ii) the key role of counter ion to increase the LEC performance and stability, (iii) the occurrence of Förster transfer mechanism to reach the maximum charge transfer in the active layer. (6) , respectively, (Please see electronic supporting information -ESI-for more details concerning the synthesis and characterization of the six Ru complexes). The molecular structure of complex (6) and the HOMO and LUMO electron densities are shown in Figure 2 . 
EXPERIMENTAL

RESULT AND DISCUSSION
Photo-physical and electro-chemical studies
The Ru(PTA) complexes emit in the yellow-red region of the electromagnetic spectrum at room temperature, with the maximum photoluminescence (PL)wavelength (λ max ) in the 560-615 nm region. In all Ru(PTA) cases, the PL emission originates from 3 MLCT states involving the charge transfer from polypyridyl and tetrazole ligands to t 2g of ruthenium center, as demonstrated by the shape and position of the emission band in the 550-700 nm region, and by the lifetime values, which are in the expected range for Ru-tetrazole complexes, e.g., 100-500 ns in degassed acetonitrile. 37 The PL emission quantum yields are calculated by comparison with the known [Ru(bpy) 3 ] 2+ one (φ std = 9.5 %)
in acetonitrile solution at room temperature with excitation wavelength of 405 nm (see Figure S 1 ). 38, 39 The absorption spectra of the Ru(PTA) complexes, measured in acetonitrile solution at room temperature are shown in Figure 3 and their data are summarized in table 1. (Please see ESI,S1 for further information). M. The PL spectrum of PVK:PBD is also reported. Cyclic voltammetry are carried out both to investigate the redox properties and to determine the LUMO and HOMO energy levels of the Ru(PTA) complexes.
In the region of the positive potentials, the Ru(PTA) complexes exhibit a single one-electron reversible process, 40 which is attributed to the oxidation of the Ru(II) center to Ru(III). 41 Cyclic voltammetry results show variation in the redox potential (E 0 ) of Ru(PTA) complexes with different ligand Figure S5) , with values ranging from +0.88 V to +1.22V vs Ag/Ag + . 37 The peaks of Ru(PTA) complexes in the -1.2 to -1.8V vs Ag/Ag + potential region can be assigned to the bpy or phen ligand, since they are easier to reduce than pyTz and PTA ligands. The addition of electron withdrawing/donating groups to the periphery of the bpy ligand shifts the position of the oxidationreduction peaks (S.I. Figure S5 ).
Electroluminescence performances
To investigate the EL behavior of the Ru(PTA) complexes, OLED devices are fabricated based on (5) . This is attributed to the presence of N-atoms in Tz ligand, which needs higher energy than C-heterocyle as electron-deficient atoms. 42 The shift of EL emission wavelength of Ru(PTA) complexes strongly depends on the nature of the ancillary ligands coordinated to Ru(II) ion. Device characteristics for all Ru(PTA) complexes (1-6) are given in Table 2 .Upon the application of an electric field of 5 V to device (6) , an increasing in the current density is detected (Figure 6 a) ), reaching a luminous efficiency of 1.4 cd/A (Figure 6 b) ). On the contrary, devices based on Ru (1-5) have shown a lower current density and luminous efficiency even at higher applied voltage (e.g., 7.0 V), with respect to device (6), see Figure 6 a) and Figure 6 b).Moreover, device(6) shows a significant reduction in turn-on voltage, with respect to devices based on other Ru tetrazole compounds. 41 The influence of counter ion on EL performance
The role of counter ion on the brightness stability of Ru-based complexes is a key factor for device characteristics. For this purpose, luminance over time of the as-produced devices is tested and reported in Figure 6c . Noteworthy, the devices based on complexes containing counter ion BF 4 -show higher luminance stability, if compared with complexes without counter ion (1 and 3), which, on the contrary, show the lowest luminance stability amongst the as-prepared devices. 44 The as-prepared and tested devices(i. complexes is higher than the common ruthenium polypyridyl complexes. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] (Please see the ESI, S7 for details). The EL efficiency here reported is the highest recorded in all ruthenium tetrazole family tested so far (please see Table S1 ).The difference in turn-on voltage between device (6) and the others (1-5), see Figure6, can be explained by considering the charge transport mechanism through counter ion mobility. 71, 72 In device (6), the high current density suggests that the concentration of [Ru(PTA)(bpy)(pyTz)]BF 4 sites in the blend is sufficient to provide the conducting channel for charge injection and transport. The energy transfer process in ruthenium-based light emitting diode is of great interest. Here, Förster resonance energy transfer can happen through Columbic interaction (Förster) mechanism and two major conditions have to be satisfied. First, the spatial separation between the donor and acceptor when an excited donor transfers energy over to a ground-state acceptor, has to be in the 1-10 nm range. 73 Second, there should be spectral overlap between the donor emission and the acceptor absorption. 74, 75 The PVK:PBD blend with emission band at 455 nm can transfer electron to Ru(PTA) complex as electron acceptor with maxima absorption band at about 450 nm. The appropriate position of HOMO and LUMO of the different layers allows the electron transfer from PVK:PBD host to Ru(PTA) complexes, confirming the energy transfer by Förster mechanism. 76 In Ru(PTA) devices, by applying bias, holes from PVK are nearest the BF 4 -, while electrons injects from the cathode into t 2g * of metal. 77 These electro-generated ions hop through the electrodes until they form excited cations.
The process can be described as follow:
Applied voltage
Under an applied bias, BF 4 -counter ion in Ru(PTA) complexes drifts, leading to the accumulation of negative counter-ion and cationic Ru complex in proximity of holes and electrons, respectively.
As reported previously, 78 the voltage increase determines a [Ru(PTA)] + cation build-up enhancement at the cathode and a BF 4 − anion build-up at the anode. However, the magnitude of this effect is strongly dependent on the molecular structure of the emitters. 79 The enhancement of injected electronic charge into the orbitals of complex is originated from high electric fields at the electrodes from the presence of ionic space charge. 80 The aforementioned processes are schematized in Figure 7 .
Moreover, the ion transport of BF 4 -is fast enough to attain a steady state. 81 In comparison with previous studies on ClO 4 -and PF 6 -as counter ions, 82 the difference in turn on voltage, between the devices based on the aforementioned counter ions, decreases in order: BF 4 ->ClO 4 ->PF 6 -. This is probably due to the solvation shell for small counter ions such as BF 4 -, which is larger if compared with the ones of big ions (e.g., PF 6 -), demonstrating the difference in the rate transport of ions in solid environment. table 2 ).However, the aim of this work is not devoted at the obtaining of record EL efficienciesin OLED, which can be achieved by the incorporation of LiF cathodes 83 and other efficient electron and hole transport materials. 84 On the contrary, our work is focused towards the understanding of the modifications of ancillary ligands as well as the use of counter ion in the improvement of the electron mobility, compared to neutral complexes and potassium counter ion previously reported. 
CONCLUSIONS
In conclusion, we have demonstrated that ionic Ru tetrazole complexes can be used to engineer light- couple is used as an internal standard for the potentials reported for each experiment at a scan rate of 100 mV/s. The oxidation (E ox ) and reduction (E red ) potentials are exploited for the determination of both the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital(LUMO) energy levels by using the following equations: E HOMO =-(E ox + 4.8) eV and E LUMO = -(E red + 4.8) eV.
Thevalue of -4.8 eV is the internal standard ferrocene with respect to vacuum. is added to the mixture. The solid products are washed with distilled water and diethyl ether for three times. The conversion of an ester group of complexes to acidic group is carried out by adding 20 ml of triethylamine (TEA) in 10 ml of water to complex (6) , and kept under reflux for 24 hours. After the cooling of mixture, the filtering of the obtained dispersion is carried out by centrifugation at 5000 rev/min for 30 minutes. The washing of solids with water, acetone and ether is performed to remove S4 any un-reacted reagents. The purification of products is also carried out by using Sephadex LH20 as the column support and acetonitrile/methanol (2:1, v/v) as the eluent. Anal. Calc. for (1) (2) . The procedure of synthesis of complex (2) is similar to complex (1) except for the use of 2 eq of phen as ancillary ligand and the replacement of KSCNwith BF 4 . Anal. Calc.
for (2) (5) is similar to the one of complex (4) except phen was replaced by bpy as ancillary ligand. Anal. Calc. for (5) S3. Characterization
S3.1.Absorption and photoluminescence studies
The absorption spectra of the Ru(PTA) complexes, measured in acetonitrile solution at roomtemperature, show intense bands in the ultraviolet region, below 300nm, see Figure 3 of the main text. These bands are attributed to the spin allowed n, π→ π* transitions of the ligands, 8 which are analogous to the one of tetrazole-based complexes. 9 In addition, as typically shown by Ru(II)-polypyridine chromophores, 10 each spectrum shows the metal-to-ligand charge-transfer (MLCT) transitions in the ~400-600nm absorption range.
The PL spectraare recorded by Avantes spectrometer Ava-Spec128 with a 405nm excitation wavelength. The excitation spectrum of complex (1) in acetonitrile solution at RT is shown in Figure S1 . indicated the largest down field CIS due to the protons that are close to the second pyridine units, 16, 17 whereas the protons that are in the vicinity of non-bipyridine ligands locate at the high field proton resonances. 2, 8, [18] [19] [20] [21] The origin of the de-shielding of the protons can be attributed to an induced magnetic field created by the ring current circulation on py , s aromatic rings. This de-shielding is only significant at short distance and therefore only affects protons in close proximity to bipyridine. 22, 23 Therefore, Ha 1 , Ha 1 * protons are not equivalent. This un-equivalency can be attributed to the Ha 1 and negative CIS values may be a consequence of deprotonation of the tetrazole and carboxylic acid. 26 In fact, electron density of negatively charged tetrazole transfers to pyridine ring, which is a n-deficient moiety. 26 The signal integration for all complexes reveals the incorporation of ligands as predicted. The sharp resonance indicates the diamagnetic behavior of Ru(II) complexes with t 2g 6 configuration. 
S3.3. FT IR spectroscopy
The comparison between simulated IR spectra and experimental results is shown in Figure S3 . There is a good agreement between the obtained results of computational calculation and the experimental analysis.The IR spectrum of PTA shows aseries of peaks in the 700-1600 cm -1 region, which are characteristic of aromatic rings. [30] [31] [32] [33] [34] [35] A comparison with the IR spectrum of raw materials PTA,
shows the absence of a strong peak at 2275 and 2280cm -1 for 4-cyano pyridine, indicating the completehydrolyzation of the cyano group to tetrazole ring. 7, [36] [37] [38] [39] The overlapping between the vibrational signals of various types of C-O bonding, aromatic rings and carboxylate groups in the 1000-1800 cm -1 regiongives origin to a crowded region. [40] [41] [42] [43] The IR spectra of complexes are different from that of the ligands. Theshift of the tetrazole ring ν(C-H) stretching band from 3160-3050cm ) can be attributed to the coordination of the tetrazoleto metal center. [1] [2] [3] [4] The broad peak at~3400cm −1 in the experimental spectra can be attributed to OH stretching of adsorbed moisture into KBr disc, which are not present in theoretical IR spectra. (1) Solventexchangemechanism; (i.e., radical NCS·substituted by a solvent molecule). 48 The instability Overall, we have briefly given a short discussion about the dimerization of SCN to establish the irreversible oxidation process of ruthenium center.
For what concerns the redox properties of the Ru metal center, it is well-known that the two oxidation processes are possible: the first oxidationpeak in ruthenium polypyridyl complexes is assigned to conversion of Ru(II) to Ru(III), 63, 64 while the second one could be attributed either to a Ru (III) to Ru(IV) couple or to a ligand-based oxidative decomposition. According to the separation between the two oxidation processes, the oxidation of ligand can be assigned to the second oxidation peak. 
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